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Superallowed β-decay studies provide some of the best constraints on
the possibility of additional quark generations, as well as limits on ex-
otic currents in the weak interaction. The three experimental quanti-
ties that are required for performing these tests using 0+ → 0+ nuclear
decays (branching ratio, half-life, and Q-value) can all be measured to
high-precision with rare-isotope beams at the TRIUMF-ISAC facility in
Vancouver, Canada. This proceeding presents a brief outline of the gen-
eral experimental techniques used at TRIUMF over the past 15 years, as
well as recent theoretical advances towards ab-initio isospin-symmetry-
breaking corrections to superallowed nuclear decays.
PRESENTED AT
Conference on the Intersections of Particle and Nuclear
Physics
Palm Springs, CA, USA, May 29 - June 3, 2018
1Work supported by the Department of Energy Office of Science under contract DE-SC0017649.
2Work supported by the Natural Science and Engineering Research Council of Canada (NSERC).
ar
X
iv
:1
80
9.
10
79
3v
1 
 [n
uc
l-e
x]
  2
7 S
ep
 20
18
1 Introduction
High-precision measurements of nuclear decay properties have proven to be a crit-
ical tool in the quest to understand possible physics beyond the Standard Model
(BSM) [1]. Superallowed 0+ → 0+ nuclear β-decay data are among the most impor-
tant to these tests, as they currently provide the most precise determination of the
vector coupling strength in the weak interaction, GV [2, 3]. This is possible in this
specific decay mode, since the transition operator that connects the initial and final
0+ states is independent of any axial-vector contribution to the weak interaction. In
fact, the up-down element of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix, Vud, is the most precisely known value in the CKM matrix (0.021%) [3], and
relies nearly entirely on the high-precision superallowed β-decay ft values determined
through measurements of the half-life, Q-value, and branching fraction of the super-
allowed decay mode [2].
In order to obtain the level of precision required for Standard Model tests, correc-
tions to the experimental ft-values must also be made to obtain nucleus-independent
Ft values,
Ft ≡ ft(1 + δR)(1− δC) = 2pi
3h¯7`n(2)
2G2Vm
5
ec
4(1 + ∆R)
, (1)
where δR is a transition-dependent radiative correction, ∆R is a transition-independent
radiative correction, and δC is a nucleus-dependent isospin-symmetry-breaking (ISB)
correction. Although relatively small (∼ 1%), these corrections are crucial due to the
very precise (≤ 0.1%) experimental ft values [2]. The uncertainty on GV , and conse-
quently Vud, is presently dominated by the precision of these theoretical corrections,
specifically ∆R and δC . This proceeding reports on preliminary work towards ab-
initio nuclear-structure calculations of δC , as well as a discussion of the experimental
work at TRIUMF-ISAC over the past 15 years.
2 Experimental High-Precision β-Decay Program
The superallowed Fermi decay program has been located at TRIUMF’s Isotope Sep-
arator and Accelerator (ISAC) facility [5] in Vancouver, Canada for more than 15
years (Fig. 1). ISAC is an ISOL-type rare-isotope beam (RIB) facility that utilizes
a 480 MeV proton driver to induce spallation reactions in a thick production tar-
get to generate unstable nuclei. These nuclei diffuse out of the production target
and are subsequently ionized and delivered to the respective experimental apparati
at energies between 20-60 keV/q. Critically, this facility is able to produce high in-
tensities of the unstable N ≈ Z parent nuclei required for these studies from 10C to
74Rb, which makes it well suited for precision decay studies. Additionally, ISAC is
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Figure 1: (Color online) The experimental superallowed decay work performed at
TRIUMF-ISAC. Listed for each nucleus studied are the publications and type of
measurement: BR→ branching ratio, T1/2 → half-life, and Q → Q-value. Figure
adapted and updated from Ref. [4].
in the unique position where world-class experimental equipment required to perform
measurements of the required experimental quantities to high precision exist on site.
2.1 Branching Ratio Measurements with the 8pi and
GRIFFIN γ-ray Spectrometers
Of the three experimental quantities that are required for Standard Model tests using
superallowed Fermi β decays, the measurement of the superallowed branching ratios to
high-precision are arguably the most difficult. For the studies performed at TRIUMF,
we employ the method of precision γ-ray spectroscopy of excited nuclear states in the
β-decay daughter nuclei. In order to perform these measurements to high precision
(< 0.1%), we rely on cases that have the dominant superallowed decay mode to the
ground state in the daughter nucleus. In these cases, we are able to characterize the
total decay strength by observing γ-rays that result from the de-excitation of the few
decays to excited states in the daughter nucleus; the precision of which is typically
limited by the knowledge of the absolute γ-ray detection efficiency at a given energy.
Thus, by making relatively imprecise measurements of the strength of these individual
weak transitions, we can subtract the result from unity to provide a high-precision
determination of the dominant superallowed branch (cf. Refs. [6–10]).
At TRIUMF-ISAC we perform these measurements using the 8pi γ-ray spectrome-
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ter, which consists of 20 Compton-suppressed, high-purity germanium (HPGe) detec-
tors able to provide photo-peak efficiencies for single events of ∼ 1% at 1.3 MeV [11].
To detect coincident β particles emitted in the decay of the parent nucleus, an array
of 20 plastic scintillators (SCEPTAR) are used in the target chamber to dramatically
improve the signal-to-background ratio of the γ-ray spectra. For these measurements,
a ∼ 60 keV continous ISAC beam is implanted on a movable tape system at the mu-
tual centers of these two arrays where the decays occur. The 8pi has performed high-
precision superallowed β-decay branching ratio measurements for 26mAl [6], 38mK [7],
62Ga [8, 9], and 74Rb [10].
In 2014, after a decade of operation at ISAC, the 8pi spectrometer was decommis-
sioned to make way for the new high-efficiency Gamma-Ray Infrastructure For Fun-
damental Investigations of Nuclei (GRIFFIN) spectrometer. GRIFFIN is an array of
16 large-volume “clover-type” HPGe gamma-ray detectors, each of which contains 4
large germanium single crystals [12]. GRIFFIN is 17 times more efficient than the
8pi for 1 MeV gamma rays and 37 times more efficient by 10 MeV. The measurement
principle with GRIFFIN is the same as with the 8pi, however with the significant
increase in efficiency, new cases are now possible for measurement. In fact, the first
superallowed branching ratio measurement with GRIFFIN has been performed, and
is currently under analysis (22Mg).
2.2 Half-Life Measurements with the GPS 4pi Gas-Proportional
Counter
The superallowed T1/2 measurements are performed using a 4pi continuous-flow gas
proportional counter that detects positrons from each decay as a function of time
with nearly 100% efficiency [13], and is located on the GPS beamline in the ISAC
experimental hall. The radioactive ions from ISAC are implanted under vacuum into
a movable tape system that is made of aluminized Mylar. Following implantation, the
tape is rapidly moved to position the sample in the center of the gas counter where the
activity is typically measured for 25 half-lives of the respective radioactive species.
The tape cycles are individually tuned depending on the half-lives of the sample
and any contaminant species that are delivered with the beam from ISAC. The T1/2
measurements with the gas counter system have been the most productive part of
the experimental superallowed decay program at TRIUMF, due to the high-level of
characterization we have achieved for the system as well as the relative simplicity
of the experimental technique. The most recent high-precision measurements in this
campaign include 10C [14], 14O [15], 18Ne [13], 21Na [16], and 22Mg [17].
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2.3 Direct QEC-Value Measurements using the TITAN Pen-
ning Trap
The QEC value is extracted from the mass difference between the parent and daughter
nuclear states in the superallowed decay mode, and can be measured to high precision
using TRIUMF’s Ion Traps for Atomic and Nuclear science (TITAN) [18]. The TI-
TAN facility consists of four primary components: (i) A Radio-Frequency Quadrupole
(RFQ) linear Paul trap [19, 20], (ii) a Multi-Reflection Time-of-Flight (MR-ToF) iso-
bar separator [21], iii) an Electron-Beam Ion Trap (EBIT) for generating Highly
Charged Ions (HCIs) [22, 23] and performing decay spectroscopy [24–26], and (iv) a
3.7 T, high-precision mass Measurement PEnning Trap (MPET) [27]. For experimen-
tal studies on RIBs with TITAN, ISAC delivers a continuous beam of ions at 20 keV
which are injected into the TITAN-RFQ where they are trapped and cooled using a
He buffer gas. The resulting ion bunches are subsequently transported through the
TITAN system with a kinetic energy of 2 keV to the Penning trap, where individual
singly charged ions can be captured for study. In MPET, the mass of a single ion can
be determined to high precision by measuring its characteristic cyclotron frequency
using the Time-of-Flight Ion-Cyclotron-Resonance (ToF-ICR) technique [28, 29]. For
a direct Q-value determination, reference measurements are taken both before and
after each run using the (typically stable) daughter nucleus. For the determination of
the resonance frequency ratios, only cycles with 1 detected ion/cycle are typically used
in order to reduce effects on the measurement which may result from ion-ion interac-
tions. This is usually the largest systematic uncertainty in these measurements [27].
To date, TITAN has performed high-precision direct QEC-value measurements on the
T = 1 superallowed nuclei 10C [30], 22Mg [31], and 74Rb [32].
3 Prospects for ab-initio δC Calculations
The current extraction of GV and Vud from the high-precision superallowed data uses
the ISB corrections of Towner and Hardy, calculated within a semi-phenomenological
shell model framework (TH) [2, 33]. This is largely due to the impressive efforts
towards experimental testing [35–37] and guidance [38–40] that their values have
been exposed to. However, as experimental ft values have become increasingly more
precise, particularly in the last decade, model-space truncations [41] and other the-
oretical approximations and deficiencies that exist in the TH formalism [42] require
renewed attention. Over the past two years, we have begun to explore the possibility
of calculating ISB corrections to the experimental β-decay ft values using ab-initio
theoretical techniques, both as a consistency check for the existing TH formalism [33]
and to gain additional insights from the direct connection to underlying two- (NN)
and three-nucleon (3N) forces.
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Figure 2: (Color online) A comparison of our preliminary ab-initio theoretical δC
calculations to the existing SM-WS [2, 33] and DFT [34] methods for intermediate
mass cases.
Traditionally most nuclei relevant for superallowed studies have been beyond the
scope of ab-inito methods, which were either restricted to A ≈ 12 [43] or to regions
near closed shells [44]. These constraints have been largely overcome in the past few
years years with the development of many-body techniques tailored towards medium-
mass open-shell systems, such as the valence-space in-medium similarity renormaliza-
tion group (VS-IMSRG) [45–47] discussed here. Based on NN and 3N forces forces
from chiral effective field theory (EFT) [48, 49], ab-initio methods are beginning to
approach levels of accuracy comparable of phenomenological models in the sd and pf
shells [31, 46, 50].
There are a number of advantages to the ab-initio approach, primarily the fact
that the Fermi matrix element |MF | can be calculated directly to extract δC , without
the need for the separation of terms used in the TH formalism [33, 42]. Additionally,
these methods can potentially quantify systematic uncertainties or possible shifts in
the δC central values, which still remain elusive due to the extreme complexity of the
phenomenological approach to the nuclear shell model. While this work is still in the
preliminary stages, in Fig. 2 we show a first comparison of VS-IMSRG calculations
of δC to the TH Shell-Model Woods-Saxon (SM-WS) values from Ref. [2] and the
Density Functional Theory (DFT) approach of Ref. [34]. The input Hamiltonian is
the 1.8/2.0 (EM) NN+3N interaction developed in Refs. [51, 52], which has been
shown to well reproduce ground-state energies from the p-shell to the tin region [53].
In addition we use effective valence-space operators consistently transformed with the
Hamilotonian [54]. While we find general agreement with the results of other meth-
ods, theoretical error estimation remains the primary challenge. Here the error bars
5
quantify one such uncertainty arising from the arbitrary option of normal ordering
operators in the VS-IMSRG approach with respect to either the parent or daughter
nucleus [47]. While largely expected to be negligible, this choice is clearly important
for particular nuclei. This only emphasizes the need for a careful and systematic
exploration of theoretical uncertainties, including those from truncations in the chiral
EFT expansion [55], many-body approximations, and basis-space convergence.
As these theoretical techniques continue to evolve, they must be exposed to in-
creasingly stringent experimental tests before they can be reliably confronted with the
superallowed data to extract Vud. In particular, a reproduction of the coefficients of
the isobaric-multiplet-mass-equation (IMME) for the respective superallowed systems
are critical to providing confidence in the accuracy of the calculated ISB corrections.
The coefficients of the IMME are sensitive to the subtle relative differences in binding
energies of the isobaric triplet, and have been used to guide and adjust the TH super-
allowed δC calculations in the past [33]. Investigations along these lines are currently
in progress.
4 Conclusions
The high-precision experimental superallowed 0+ → 0+ β decay program at TRIUMF
has been one of the flagship scientific efforts at ISAC over the past 15 years. This
program has been instrumental in reducing the overall uncertainty on the up-down
element in the CKM matrix to the currently reported level of 0.021% [3], as well
as providing stringent limits on possible scalar contributions to the vector part of
the weak interaction [14]. As ISAC continues to improve its capability to deliver
high-intensity, pure samples of N ≈ Z nuclei, and with ongoing improvements to the
experimental equipment, the future of this program continues to be bright. From a
nuclear structure theory standpoint, ab-initio approaches to calculating δC , which do
not require the separation of terms employed in the TH formalism, are currently under
development. These efforts are still in their infancy, but currently show a promising
level of agreement in the sd and lower pf shells. These calculations will help to provide
a consistency check to the existing ISB corrections to the high-precision superallowed
data for weak-interaction testing.
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